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In this paper we propose a non-minimal, and ghost free, coupling between the gauge field and the
fermionic one from which we obtain, perturbatively, terms with higher order derivatives as quantum
corrections to the photon effective action in the low energy regime. We calculate the one-loop
effective action of the photon field and show that, in addition to the Euler-Heisenberg terms, the
well known Lee-Wick term, ∼ Fµν∂α∂
α
F
µν , arises in low energy regime as a quantum correction
from the model. We also obtain the electron self energy in leading order.
PACS numbers:
I. INTRODUCTION
In recent years, field theories with higher order deriva-
tives have been intensely investigated in the literature.
One of the reasons to study this subject is to improve
renormalization properties and to tame ultraviolet diver-
gences. The most common theory of this kind is the
so called Lee-Wick or Podolsky electrodynamics [1–6]
which is Lorentz and gauge invariant, unitary and also a
divergence-free theory. One of the most remarkable fea-
tures of this electrodynamics is the fact that it leads to a
finite self energy for a point-like charge in 3+1 dimensions
[7–9]. Besides, the Lee-Wick Standard Model (LWSM)
has been proposed in [10] as a theory that solves the hier-
archy problem. After this work, investigations concern-
ing it has been carried out in several different scenarios
[11–22].
Other interesting results can be found in the litera-
ture concerning Lee-Wick theories, among them we can
mention, for instance, the quantization of Lee-Wick elec-
trodynamics [23–26], the wave propagation [27], the in-
teractions between external sources [28], the presence of
a single conducting surface [29], the Casimir effect in Lee-
Wick electrodynamics [30], the non-Abelian Lee-Wick
gauge theory [31–33], Lee-Wick-type theories for grav-
ity [34–39], supersymmetry in Lee-Wick theory [40, 41]
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and so on.
A quite natural question one can make about field the-
ories with higher order derivatives concerns on the possi-
ble mechanisms able to generate the Lee-Wick operators
as loop quantum corrections to the photon effective ac-
tion, in low energy regime. Certainly, it is be possible to
construct a variety of mechanisms of this type, but we
shall search for the one which deviates from QED min-
imally, keeping the gauge symmetry, being quadratic in
the fields, and with second derivatives for the gauge field
and first derivatives for the fermionic one. In this sense,
we could interpret the Lee-Wick electrodynamics as an
effective theory of a gauge theory which could, in prin-
ciple, be free of the typical massive ghosts modes which
are present in the standard Lee-Wick electrodynamics.
Hence, this kind of model would exhibit some features
of the Lee-Wick eletrodynamics, in low energy regime,
whereas it it would be ghost free.
It is important to mention that, once we have an
abelian gauge theory, the ghost field which comes from
the gauge fixing shall always be present and not coupled
to the other fields, so this kind of ghost is not properly a
problem, on the contrary to the ghost modes inherent to
the Lee-Wick theory.
In this paper, thinking about such a mechanism, we
propose a high energy gauge invariant model containing
the photon field and a single massive charged fermion
field. The fermion field couples to the photon one
through a non-minimal term which contains derivatives
of second order in the gauge field. Since we assume the
fermion mass to be large, we integrate out the fermionic
field and, adopting the version of the proper-time method
[42] (for a review, see for example [43]), we obtain the one-
2loop low energy effective action of the gauge field. The
proper-time method is a very efficient tool for obtaining
the effective action, which was adapted for gauge theories
in [44] and Lorentz violating theories in [45]. In particu-
lar, with the obtained quantum corrections, we take into
account the usual vacuum polarization of the Maxwell
theory, the standard nonlinear corrections to the photon,
known as the Euler-Heisenberg terms in QED, and con-
tributions of operators with higher order derivatives and
quadratic in the gauge field.
We show that, just in lowest order (one loop correc-
tion), the standard Lee-Wick term arises as the quantum
correction, quadratic in the gauge field in the proposed
model, in low energy regime. So, we have a model which
in low energy regime, recovers the same features as the
Lee-Wick theory.
This paper is structured as follows: in section II we
describe the model we compute the one-loop low-energy
effective action for the photon field. We obtain the elec-
tron self energy in leading order in section III. Section IV
is dedicated to our final remarks and conclusions.
Along the paper we shall deal with a 3+1 dimensional
space-time and use Minkowski coordinates with the di-
agonal metric with signature (+, -, -, -).
II. THE MODEL AND THE EFFECTIVE
ACTION
We start by proposing an ad-hoc Lagrangian contain-
ing a gauge field Aµ and a single massive charged fermion
field ψ,
L = −
1
4
FµνFµν+ψ¯
[
i/∂ −M − γµg
(
Aµ −
1
m2p
∂νFµν
)]
ψ ,
(1)
where Fµν = ∂µAν − ∂νAµ is the field strength, M is
the fermion mass, g is the electric charge and mp is a
mass parameter that is responsible for a coupling be-
tween the fermion field with the photon field in high-
energy regime. The proposed model can be understood
as a gauge-invariant theory, similar to the QED, and con-
taining an additional non-minimal coupling proportional
to gm2
p
.
Notice that it is the simplest modification in QED
which is quadratic in the fields, keeps the gauge invari-
ance, contains derivatives up to second order for the
gauge field and first order for the fermionic one. In fact,
it is the unique vector extension of the gauge connec-
tion that is gauge invariant and obtained from the gauge
potential up to second order derivatives. Therefore, be-
sides being non-minimal, this new coupling is still gauge
covariant.
As we have an abelian gauge theory, when we fix the
gauge, a ghost field is introduced, but it is completely
decoupled from the other fields. In addition, since the
fermion mass is large, in the low energy regime we are
allowed to integrate in the fermion field to obtain the
one-loop correction to the effective action for the vector
one.
Expressing the one-loop correction to the effective ac-
tion, S
(1)
eff [A], in terms of a functional, we have
S
(1)
eff [A] = −Tr ln
(
i /˜D −M
)
= 12Tr ln
(
/˜D
2
+M2
)
= − 12 Tr ln
(
D˜2 + iΣµνF˜µν +M
2
)
(2)
where we defined
A˜µ = gAµ −
g
m2p
∂νFµν , (3)
the operator D˜µ = ∂µ + i A˜µ and the matrices
Σµν =
1
4
[γµ, γν ] ; F˜µν = ∂µA˜ν − ∂νA˜µ . (4)
As usual in the calculations of effective actions, we
consider field configurations in low energy regime in such
a way to take Fµν , aproximately, as not varying rapidly
in the space and time. In this case the three operators in
the argument of the lorarithm of expression (4) comute
each other.
We can compute the explicit form of the one-loop con-
tribution to the effective action of Eq. (4) using stan-
dard methos employed in the literature to obtain the
Euler-Heisenberg lagrangian, as the Schwinger method
[42, 46, 47] or the Zete function method [44, 48–50]. The
complete result fot the full effective action Seff [A] is
Seff [A] =
∫
d4x
[
−
1
4
FµνFµν
−
g2C
4
FµνFµν −
g2C
m2p
Fµν∂
α∂αF
µν
+
g2C
2
1
m4p
∂µ∂
βFνβ∂
µ∂αF
να + LF 4 · · ·
]
. (5)
where we defined the divergent constant
C =
1
12π2
∫ ∞
0
dτ τ−1e−M
2τ , (6)
and LF 4 is a contribution containing terms in fourth or-
der in the field tensor.
Now we must renormalize the physical constants and
the fields. After renormalization, we will show that the
fourth term on the right hand side of Eq. (5) vanishes
and the third one, is finite.
The second term in the right hand side of Eq. (5) is
the one obtained in the standard QED [42]. It is the
vacuum polarization correction to the Maxwell theory
and accounts for the field and charge renormalizations,
by defining the renormalized charge and field strength,
as follows
g2(ren) =
g2
1− g2C
3Fµν(ren)F
αβ
(ren) =
[
1− g2C
]
FµνFαβ (7)
in such a way that g2FµνFαβ = g2(ren)F
µν
(ren)F
αβ
(ren).
The third and fourth terms on the right hand side of
Eq. (5) involve higher order derivatives of the photon
field as well as the parameter mp. We must also renor-
malize the Podolsky mass in such a way to avoid diver-
gent contributions from these terms. The only way to
accomplish this task is to define the renormalized Podol-
sky mass
m2p(ren) = m
2
p/C → finite , (8)
as a finite quantity.
Definition (8) warrants that the third term in Eq. (5)
is finite and also makes vanishing the fourth term in Eq.
(5), because
C
m4p
=
1
C
1
(m2p/C)
2
=
1
C
1
m4p(ren)
→ 0 , (9)
once mp(ren) is finite and C is divergent.
From now on, the sub-index (ren) shall be implicit
along the text.
In terms of normalized quantities, the action (5) reads
Seff [A] =
∫
d4x
[
−
1
4
FµνFµν −
g2
m2p
Fµν∂
α∂αF
µν
+LF 4 · · ·
]
. (10)
The second term on the right hand side of Eq. (10)
involve higher order derivatives of the photon field and
is generated from the quantum corrections of the model
(1). It is the so called Lee-Wick (or Podolsky) term,
which exhibits interesting features in physics. In order
to rewrite the action (10) in a more convenient form, we
must also define the quantity
M2p = m
2
p/(4g
2) , (11)
so, up to second order in the gauge field, the action (10)
reads
Seff [A] =
∫
d4x
[
−
1
4
FµνFµν −
1
4M2p
Fµν∂
α∂αF
µν
−JµA
µ + LF 4 · · ·
]
.(12)
where we inserted the term which accounts for the in-
teraction between the vector field and an external field
source, Jµ, which describes charges distributions [51–56].
We point out that the result (12) is a one loop correc-
tion valid just in low energy regime.
Just for completeness, we point out that the fifth term
on the right hand side of (5) stands for the lowest order
non-linear corrections to the Maxwell theory, which in the
case of QED is known in literature as Euler-Heisenberg
term [42, 57, 58]. For the model (1) we have
LF 4 =
g4
192π2M4
[
1
6
[
Tr
(
F˜ 2
)]2
+
1
4
(
∗F˜µν F˜µν
)2
−
1
15
Tr
(
F˜ 4
)]
. (13)
In the limit of large parameter mp → ∞, the La-
grangian (13) becomes the standard one obtained from
QED, namely,
LF 4
∣∣∣
mp→∞
=
1
8π
g4
45πM4
[(
E2 −B2
)2
+ 7 (E ·B)
2
]
.
(14)
If the charge g and the mass M are taken as the elec-
tron charge e and electron mass m respectively, the ex-
pression above becomes the well known Euler-Heisenberg
Lagrangian in the standard QED [42, 58, 59].
III. QUANTUM CORRECTIONS TO THE
ELECTRON SELF ENERGY
In this section we calculate the corrections to the elec-
tron self energy in the leading order in the coupling con-
stant g and in the inverse of Podolsky mass 1/Mp.
The topological structure of the Feymann diagrams
of the model (1) are the same as the ones we have in
standard QED. The corresponding algebraic terms are
changed according to
γµAµ = γ
µηµνA
ν
→ γµ
[
ηµν
(
1 +

m2p
)
−
∂µ∂ν
m2p
]
Aν(15)
If we use the Lorentz gauge, we can show that the last
term on the right hand side of (15) does not contribute to
the quantum amplitudes. So, we shall discard this term
from now on.
For the model (1), one can show that the electron prop-
agator in momentum space is given by
iS(p) = iS0(p) + iS0(p)
(
− iΣ(p)
)
iS0(p) (16)
where we defined the free electron propagator in momen-
tum space
iS0(p) = i
γµpµ +m
p2 −m2
(17)
and the electron self energy function
Σ(p) = −ig2µ4−d∫
ddk
(2π)d
(
1−
k2
m2p
)
γµ
(
/p− /k +M
[(p− k)2 −M2]k2
)
γµ (18)
with the implicit limit d→ 4.
4The function (18) is composed by the standard electron
self energy function, which is well known in the literature
[60, 61],
Σstand(/p) = lim
d=4
(
g2
8π2(4 − d)
(−/p+ 4M)
)
+
g2
16π2
[
/p(1 + γ)− 2M(1 + 2γ)
+2
∫ 1
0
dx[/p(1− x)− 2M ] ln
(
M2x− p2x(1 − x)
4πµ2
)]
(19)
added by an additional term
∆(p) = ig2µ4−d
1
m2p
∫
ddk
(2π)d
γµ
(
/p− /k +M
[(p− k)2 −M2]
)
γµ.(20)
In the above expression γ stands for the Euler constant.
With the change in the integration variable q = k− p,
using some gamma matrices algebra, the definition (11)
and the fact that [60, 61]∫
ddq
(2π)d
1
(q2 −m2)α
=
iπ(−1)αΓ(α− d/2)
(2π)dΓ(α)(m2)α−d/2
,∫
ddq
qµ
(q2 −m2)α
= 0 , (21)
we can calculate the contribution (20) by dimensional
regularization
∆ = − lim
d=4
(
M3
8π2M2P
1
(4− d)
)
+
M3
16π2M2P
[
γ −
1
2
+ ln
(
M2
4πµ2
)]
. (22)
Notice that (22) does not depend on the momentum p.
Collecting terms and making d = 4 − ǫ, we have the
electron self energy fuction
Σ(/p) = Σstand(/p) + ∆
= lim
ǫ=0
(
g2
8π2ǫ
(−/p+ 4M)−
M3
8π2M2P
1
ǫ
)
+
g2
16π2
[
/p(1 + γ)− 2M(1 + 2γ)
+2
∫ 1
0
dx[/p(1− x)− 2M ] ln
(
M2x− p2x(1 − x)
4πµ2
)]
+
M3
16π2M2P
[
γ −
1
2
+ ln
(
M2
4πµ2
)]
(23)
It would be interesting to investigate all the Feynman
diagrams of the theory (in leading order in g and 1/Mp),
considering the renormalizability of the theory and some
vacuum effects, in a similar way that was done in Ref’s.
[62–64].
IV. CONCLUSIONS AND FINAL REMARKS
In this paper, we proposed a high energy mechanism
which allowed us to obtain a term with derivatives of
higher order in the gauge field in low energy regime.
More specifically, we started with a high-energy model
containing the photon field and a single massive charged
fermion field non-minimally coupled. The one loop ef-
fective action for the gauge field was obtained integrat-
ing out the fermionic degrees of freedom with the zeta
function method. In this scenario, we showed that the
Lee-Wick operator emerges as a one loop quantum cor-
rection in low energy regime from the proposed mecha-
nism, which is composed by the Dirac field coupled to
the Maxwell one in a non-minimal, ghost-free and gauge-
invariant way. The proposed model is the simplest devi-
ation of QED which yields the one loop Lagrangian (12).
On the other hand, for a givenmp fixed, the result (12)
implies that the Euler-Heisenberg term (which comes
from LF 4) scales as
1
M4 while Lee-Wick correction scales
as ln(M) (it scales as C → limµ→∞
∫∞
1/µ2 dτe
−M2τ τ−1 ∼
ln(M)). Therefore, maybe it is possible (if the non-
minimal coupling proposed here would be present) to
exist a low energy regime such that the Bopp-Podolsky-
Lee-Wick correction is manifested and more relevant in
comparison with the Euler-Heisenberg one. Maybe this
possibility should be considered in the analysis of exper-
iments with high intensity lasers, such as the PVLAS
experiment [65].
We have also obtained the electron self energy in the
leading order in the coupling constant g and in the inverse
of Podolsky mass 1/MP .
As a last comment, maybe the model (1) could come
out as a mechanism for which the point-like charge is fi-
nite and avoiding some possible problems exhibited by
theories with higher order derivatives of the gauge field,
as an indefinite metric and ghosts modes, feature found
in the standard Lee-Wick electrodynamics [66]. This con-
jecture deserves more investigations, taking into account
the perturbative study of the model (1) in a wide anal-
ysis of the Feynman graphics of the theory, in a similar
way that was done in Ref’s. [62, 63, 67–69], and the vac-
uum polarization effects, as in Ref. [64], for the standard
QED.
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